1. The participation of neural mechanisms in mediating the renin release induced by reduction of renal perfusion pressure was explored in anaesthetized cats by comparing renin release from the two kidneys, one acutely denervated and the other intact.
Introduction
Renin release appears to be responsible for the early phase of hypertension induced by renal artery stenosis (Lever & Robertson, 1964; Bianchi, Tenconi & Lucca, 1970) , but the mechanisms of this renin release are not entirely clear. Skinner, McCubbin & Page (1964) first produced evidence that small decreases in renal perfusion pressure without concomitant changes in renal blood flow can stimulate renin release, thus supporting the existence of a juxtaglomerular baroreceptor (Tobian, Tomboulian & Janacek, 1959) . More recently, Blaine & Davis (1971) and Gotshall, Davis, Blaine, Musacchia, Braverman, Freeman & Johnson (1974) reported that suprarenal aortic stenosis can augment renin release from denervated non-filtering kidneys of adrenalectomized animals, and concluded that the afferent arteriolar baroreceptor alone can account for renin release without the necessary involvement of the macula densa or of neural influences.
The fact that these mechanisms of renin release are not necessarily involved does not imply that they cannot contribute under more physiological conditions than the non-filtering kidney model. Recent evidence indicates that the sympathetic innervation of juxtaglomerular cells contributes to the release of renin (Ganong, 1973 ; Richardson, Stella, Leonetti, Bartorelli & Zanchetti, 1974; Zanchetti & Stella, 1975) and mediates juxtaglomerular activation in conditions such as head-up tilting and acute salt depletion (Stella, Cafiero & Zanchetti, 1974) . These findings have prompted us to study whether and how much neural influences might contribute to the increase in renin secretion induced by suprarenal aortic stenosis. Furthermore, as in the intact kidney renin release after a reduction in renal perfusion pressure has a very prompt onset (Skinner et al., 1964; Ayers, Harris & Lefer, 1969; Gutman, Tagawa, Haber & Barger, 1973) and appears rapidly to wane (Bianchi ef al., 1970; Harris & Ayers, 1972) , we have also investigated whether the time-course, or at least the early part of the time-course, of the renin response is influenced by renal innervation.
Methods
Experiments were performed in cats of both sexes weighing between 2.8 and 3.9 kg, and anaesthetized with sodium pentobarbital (35 mg/kg: intraperitoneal injection, and subsequent intravenous maintenance doses). Implantation of electromagnetic flow probes around each renal artery for continuous recording of blood flow to each kidney (Statham model M4001), and of cannulae in the left and right renal veins for renin determination, was as previously described (Richardson et al., 1974) . Another cannula was implanted in one axillary artery and pushed into the aortic arch for measuring arterial pressure above the stenosis (Statham P23Db transducer); this cannula was also used for triggering a cardiotachograph and measuring heart rate, and for sampling arterial plasma for renin determination. Through one femoral artery a fourth cannula was introduced into the abdominal aorta with the tip just below the renal arteries in order to monitor arterial pressure below the stenosis. All haemodynamic variables were continuously recorded on a Grass P7 polygraph. Surgical denervation of one kidney was performed by dissecting, identifying and subsequently cutting all visible nerve bundles to that kidney and by stripping the main renal artery on that side before placing the flow probe. Care was taken to avoid nerve damage while preparing the opposite kidney for flow probe and cannula implantation. Brief periods (5-10 s) of electrical stimulation of the pontine vasomotor centre were used to check that one kidney was denervated and that the contralateral one had intact innervation (Richardson et al., 1974) . A snare was passed around the abdominal aorta 2-3 cm proximally to the branching of the renal arteries, and the thread passed out of the abdomen before closure of the laparotomy. In due time the thread was pulled by a screw-regulated device until mean abdominal aortic pressure was reduced to 50 mmHg.
Throughout the experiment all cats were infused with dextran in sodium chloride solution (150 mmol/l; saline) at the rate of 15 ml/h to compensate for blood and fluid losses. One hour after the end of surgery and the check of renal innervation, a first set (control) of blood samples (1 ml) was collected for determination of plasma renin activity from each renal vein and from the aortic arch. Immediately after that the thread of the snare was pulled. In a first group of cats (n = 9) aortic stenosis was maintained for 10 min; during the last minute a second set (stimulus) of blood samples was obtained for renin determination. In another group of cats (n = 6) aortic stenosis was maintained for 30 min, and blood samples for renin assay were withdrawn at the fifth, fifteenth and thirtieth minutes. In some of the animals another set of blood samples (recovery) was taken 30-60 min after release of the stenosis.
Plasma renin activity was measured by radioimmunoassay for angiotensin I and was calculated as the difference between the immunoreactive AI") formed during incubation of plasma for 3 h at 37°C and that present in an unincubated plasma sample at 4°C. Details of the method employed as well as data on sensitivity and reproducibility are given elsewhere (Richardson et al., 1974) . The rate of renin release from each kidney was calculated, as usual, from the venous-arterial difference in plasma renin activity multiplied by the renal plasma flow (renal blood flow corrected by the packed cell volume): it is expressed as pmol/min with the understanding that this represents AI formed in 1 h incubation.
In view of the acute nature of our experiments, it was highly unlikely that renin substrate concentrations changed during the course of the experiment, and measurements of plasma renin activity could be considered suitable for calculating renin release.
Results were treated statistically by analysis of variance with double classification, according to Snedecor & Cochran (1967) with comparison between control and stimulus values, and between values in innervated and denervated kidneys. 
Results

Changes in systemic and renal circulation during siiprarenal aortic stenosis
The characteristic haemodynamic changes recorded during a period of aortic stenosis of approximately 10 min are shown in Fig. 1 . Table 1 summarizes the changes measured in fifteen trials at the end of the period of stenosis, when samples for renin assay were taken. Pulling on the snare caused significant increases in aortic blood pressure above the stenosis, and the slight bradycardia that was often observed is likely to have been the reflex response to this pressor effect. As mentioned in the Methods section, in all experiments the snare was pulled until mean femoral arterial pressure was brought down to about 50 mmHg. This was beyond Time (min) 0 2 4 6 0 the autoregulatory range for renal circulation as blood flow to both kidneys markedly decreased; the fall in flow was, however, smaller than the fall in perfusion pressure, and in both kidneys vascular conductance increased slightly but significantly, this indicating that some degree of autoregulation still occurred. On the whole, renal blood flow and vascular conductance were higher in the denervated kidney both before and throughout aortic stenosis, but the mean values of the individual percentage changes in renal vascular conductance induced by the stenosis were similar on the two sides (innervated = 26.7+ 6.2; denervated = 20.4 f 6.8%).
Plasma renin activity and renin release afrer 10 min stenosis These values are also summarized in Table 1 the whole, at the end of a 10 min aortic stenosis, arterial plasma renin activity rose about 3.5 times, and the increase was highly significant. In the control period, renal venous renin, the venous-arterial difference in renin activity and renin release were all slightly, though not significantly, lower in the denervated than in the innervated organ. Venous-arterial difference and renin release were on the average positive on the denervated side, too, but in four out of fifteen trials control values were negative, indicating that in these animals the denervated kidney inactivated more renin than it released. After aortic stenosis renal venous renin and the venous-arterial difference significantly increased in both kidneys, and always became positive in kidneys with negative control values. There were differences, however, between the innervated and the denervated kidneys : renin in the venous outflow from innervated kidneys increased about five times, and the venous-arterial difference on the same side was augmented about eight times; in denervated organs the approximate increases were only four and five times respectively. As a consequence, renin release from innervated kidneys conspicuously and significantly increased, whereas a doubling of renin release from the denervated kidney, resulting from smaller and less uniform increases in the single animals, fell short of statistical significance.
Time-course of haemodynamic effects and of renin release during 30 min aortic stenosis
In six trials aortic stenosis was maintained for 30 min, and plasma renin was assayed at 5, 15 and 30 min from the beginning of the stenosis. The results are summarized in Table 2 , and the time-course of renin release is shown diagrammatically in Fig. 2 .
In this series of animals, control blood flow and vascular conductance were slightly but significantly different in innervated and denervated kidneys, but here again the percentage increase in renal vascular conductance caused by the stenosis was essentially equal on the two sides. Furthermore systemic and renal haemodynamic changes were substantially constant throughout the prolonged period of aortic constriction.
In four of the six animals of this group control values of venous-arterial difference in renin and net renin release from the denervated kidney were negative and consequently average values were negative. This is a frequent, though not a constant, observation in denervated kidneys. On the other hand, net renin release from innervated kidneys was always positive. At 5 rnin after the beginning of aortic stenosis renin release from innervated kidneys had markedly and significantly increased, whereas on the denervated side a stimulating effect could only be inferred from a barely positive net renin release, indicating that, on the average, production of renin was now balancing inactivation. At 15 and 30 min renin release from innervated kidneys was no longer as high as during the initial period of stenosis, although mean values were still markedly elevated over control. As a few animals had only a small increase, however, the changes at 15 and 30 rnin fell short of statistical significance. Evidence for a stimulating action on denervated kidneys could be inferred from the observation that, at 15 and 30 min, mean renin release became positive though the increase was still statistically non-significant. Comparison of renin release from innervated and denervated kidneys showed that, at all times during aortic constriction, the mean values were significantly greater on the innervated side (P<O.O5 or 0.01). Arterial renin activity was already significantly augmented 5 rnin after the beginning of the stimulus and remained high during the 30 min stenosis, confirming that renin was released throughout. In most of the animals in which it was tested, arterial renin activity and renin release had returned to control values or toward control values 30-60 rnin after the end of aortic stenosis.
As it became apparent from analysis of individual data that the single animals could release renin with a somewhat different time-course, especially for the denervated kidneys, the capacity of innervated and denervated kidneys to release renin was also compared by analysing the peak values of release independently of the exact time at which it occurred during the 30 min stenosis. Fig. 3(a) indicates that, measured in this way, there was a statistically significant increment in renin release from both innervated and denervated kidneys, although the innervated organ released more renin. The increment in release (stimulus values minus control values) from innervated kidneys was about three times larger than the increment from denervated organs, and the difference was statistically significant (Fig.  3b) .
Pooling of data from the first and second series of experiments was done as far as increments in renin release are concerned. Calculation of increments takes into account the different control values in the two series. Fig. 4 summarizes the results of all our experiments, interpolating the increments at 10 min measured in the first series with the increments at 5, 15 and 30 min measured in the second series. Analysis of the pooled data confirms that increments from innervated kidneys were maximum at 5 rnin and then declined, whereas denervated kidneys showed a maximum increase in release at about 15 min. Furthermore, greater increments were measured from innervated as compared with denervated kidneys throughout the period of aortic stenosis, the biggest difference (sixfold) between the two sides being measured at 5 min after the beginning of the stenosis. 
Discussion
Our data clearly show that neural influences contribute to renin release during decrease in renal perfusion pressure and flow, and that the neural component is particularly important during the first minutes from the beginning of aortic stenosis. This does not deny, of course, the role exerted by the vascular receptor in the afferent arteriole, which has been so clearly demonstrated in the denervated nonfiltering kidney preparation (Blaine & Davis, 1971 ; Gotshall et al., 1974). Our observations simply point out that, superimposed on the local baroreceptor or macula densa mechanisms, neural factors can modulate renin release. It is worth stressing that the neural and the non-neural mechanisms seem to have a different time-course, the neural one being very prompt and accounting for most of the increment at 5 min from the beginning of aortic stenosis, whereas the non-neural mechanism slowly increases and becomes clearly evident 15-30 min from the beginning of the stenosis; at this time the neural factor plays a less-important role so that the differences in renin release between the innervated and the denervated kidneys, though still present, are no longer so striking. Because of the acute nature of our experimental design we cannot judge whether renin release from the two kidneys gradually levels off when the stenosis is prolonged, and whether the neural mechanism gets exhausted earlier than the baroreceptor or macula densa mechanisms.
The question now arises whether neural release of renin during aortic stenosis results from a direct sympathetic action on juxtaglomerular cells, such as that shown during stimulation of brain stem (Richardson et al., 1974) or renal nerve (La Grange, Sloop & Schmid, 1973) , or whether it is brought about indirectly through vasomotor changes or an altered delivery of sodium to the macula densa. Although we have no definitive evidence on this question, several arguments make the hypothesis of an indirect action rather unlikely. In our experiments aortic stenosis produced the same vasomotor changes in both the innervated and the denervated kidney, which showed the same proportion of autoregulatory vasodilatation. Furthermore, renal vasomotor changes remained unmodified throughout the 30 min period of 'aortic stenosis, in contrast with the observation that neural releasing factors appeared to be most effective during the first minutes and then declined. Likewise, there is little support for the possibility that denervation diuresis, i.e. greater sodium and water excretion from the denervated kidney (Marshall & Kolls, 1919; Kriss, Futcher & Goldman, 1948) , might have locally depressed renin secretion by a greater delivery of sodium to the macula densa. Although we have observed denervation diuresis in a previous group of cats in which renin release from the innervated and the denervated kidney was compared (Stella et al., 1974) , in agreement with Bonjour, Churchill & Malvin (1969) we have not found a greater glomerular filtration rate on the denervated side. This suggests that denervation diuresis does not result from an increased filtered sodium load but rather from altered sodium transport. Furthermore, Bonjour et al. (1969) have provided evidence that aortic stenosis of a degree comparable with that of our experiments produces percentage changes in glomerular filtration rate, water and sodium excretion that are essentially the same for innervated and denervated kidneys. Finally, there is no evidence suggesting that the effect on sodium excretion of low renal perfusion pressure may be grossly different at 5 min from that at 30 min, whereas the effect on renin release markedly differed with time.
How neural mechanisms controlling renin release may be activated by aortic stenosis is not immediately evident. Although it can be reasonably surmised that reflex activation may be responsible for renin release during tilting or after intravenous frusemide , it is more difficult to conceive how sympathetic fibres to the kidney might be reflexly discharged by aortic stenosis. Indeed, the rise of arterial pressure above the stenosis would rather be expected to inhibit sympathetic activity by stimulating sino-aortic reflexes, which should have resulted in a decrease (Bunag, Page & McCubbin, 1966) Niijima, 1971) , and hence to a reflex release of activity of sympathetic fibres back to the kidney, and possibly to juxtaglomerular cells. This hypothesis, however, is not supported by some recent experiments in which we have been unable to elicit arterial hypotension and vasodilatation, or to affect renin release in either direction by electrical stimula-tion of afferent renal nerves (Calaresu, Stella & Zanchetti, 1976) .
Evidence against a local reno-renal reflex is not enough, of course, to rule out reflex mechanisms as responsible for the neural component of renin release during aortic stenosis. Reflex activation from areas other than the kidney is an obvious possibility, particularly because stenosis of the aorta elicits pressure and flow changes in many vascular areas other than the kidney and might also decrease venous return. Alternatively, angiotensin generated by the released renin might potentiate transmitter release (Regoli, Park & Rioux, 1974 ) from the fibres innervating juxtaglomerular cells, a potentiating effect that could be seen in the innervated kidney only. This interpretation would be consistent with histochemical evidence of increased transmitter release from adrenergic endings on juxtaglomerular cells after renal artery stenosis in the rat (Ljungqvist & Ungerstedt, 1972; Ljungqvist, 1974) . It can also be conceived that neural stimuli may play a tonic permissive role facilitating the action of other stimuli influencing the juxtaglomerular cells through intrarenal baroreceptor or, possibly, natrioreceptor mechanisms. In line with this interpretation are observations that renin release can be potentiated by combining renal artery constriction and 8-adrenergic receptor stimulation (Eide, Loyning & Kiil, 1973) , and that simulation of efferent renal nerve fibres can increase renin release at both high and low renal perfusion pressure (La Grange et al., 1973) . Finally, the early involvement of the neural mechanisms during the very first minutes of aortic stenosis and their lesser importance later on suggest that neural influences, however triggered, might be more responsible for release of renin (in the stricter sense of passage of preformed renin from storage cells into the blood stream) than in production (in the sense of synthesis of new renin within the juxtaglomerular cells); alternatively, neural mechanisms might be involved in intrarenal activation of an inactive precursor, such as the prorenin recently found in peripheral plasma (Sealey & Laragh, 1975) or in the kidney (Leckie & McConnel, 1975) .
